Under a separate program (cooperative agreement DE-FC26-00NT40753), Reaction Engineering International (REI) has been funded by the Department of Energy to carry out research and development on NO x control options for coal-fired utility boilers. The objective of one of the tasks in the NO x -control program is to evaluate and model SCR catalyst deactivation. REI will be responsible for six-month testing of multiple commercial catalysts simultaneously in a power plant slipstream reactor. This multi-catalyst reactor provides an ideal test bed for advancing the state of knowledge regarding mercury oxidation by SCR catalysts, with a focus on low rank fuels.
In this program, REI is using the multi-catalyst slipstream reactor to determine oxidation of mercury across six separate SCR catalysts at AEP's Rockport Unit 1. During the six-month testing under the existing NO x -control program, two week-long sampling campaigns for mercury speciation will be carried out: at the beginning of the six-month period and at an intermediate point. URS will conduct the one-week campaigns to measure gaseous mercury speciation at the inlet and at the outlet of each catalyst chamber.
The specific project tasks are:
• Task During the last three months, our accomplishments included a review of the available data on mercury oxidation across SCR catalysts from small, laboratory-scale experiments, pilot-scale slipstream reactors and full-scale power plants. Data from small-scale reactors obtained with both simulated flue gas and actual coal combustion flue gas demonstrated the importance of temperature, ammonia, space velocity and chlorine on mercury oxidation across SCR catalyst. SCR catalysts are, under certain circumstances, capable of driving mercury speciation toward the gas-phase equilibrium values at the SCR temperature. Measured mercury speciation at the outlet to full-scale SCR installations was shown to correlate well with the calculated equilibrium value, based on the SCR temperature and coal composition. Thus, the primary variables responsible for the formation of oxidized mercury at the outlet of the SCR are chlorine content of the coal and temperature. However, evidence suggests that mercury does not always reach equilibrium at the outlet. Some of the other factors that have been shown to affect mercury chemistry across SCR catalysts are the space velocity and the presence of ammonia. There may be other factors that become apparent as more data become available.
Experimental Methods
Within this section we present in order, brief discussions on the different tasks that are contained within this program. For simplicity, the discussion items are presented in the order of the Tasks as outlined in our original proposal.
Task 4 -Data Analysis and Validation
As discussed in the quarterly report for January to March, 2004, laboratory [1] [2] [3] and pilot-scale [4] [5] [6] [7] data have been collected on the behavior of mercury in SCR catalysts, in addition to the pilotscale data obtained in this program. Data have been collected from measurements of mercury speciation across SCRs in six full-scale power plants under funding by DOE NETL and EPRI 8, 9 , from other utility data and from other data reported in the literature. 10 The tables in the Appendix provide details of the design and operating conditions, and the measured mercury speciation and oxidation in these catalysts. Further information can be found in References 8 through 10. The ammonia-to-NO ratios for these full-scale systems are not given; however, since the full-scale data all come from operating electric utility boilers, the NO x reductions achieved by the SCR catalysts would be of a similar magnitude. Most of the boilers fired US eastern bituminous coals with a range of sulfur from 0.7 wt% to 3.8 wt%; chlorine contents ranged from 250 to 1,600 µg/g (dry basis). Boiler E1 fired a South African bituminous coal with 46 µg/g Cl; boiler S1 fired a US subbituminous coal whose Cl content was estimated from measured gas-phase HCl as 23 µg/g.
Results and Discussion

Task 4 -Data Analysis and Validation
Simulated Flue Gas Experimental Data
Laboratory experiments cannot duplicate all the conditions present in flue gas from a full-scale power plant. However, certain important reaction pathways can be isolated in laboratory-scale experiments as long as there is confidence that the laboratory conditions are relevant to full-scale conditions. There have been few laboratory-scale investigations of mercury chemistry across SCR catalysts to date, but much can be learned from those few that have been undertaken. Elemental mercury is adsorbed by the catalyst until some steady state is reached.
1,2 The amount of mercury adsorbed appears to be related to the HCl content of the flue gas. In laboratory experiments carried out by Hocquel and coworkers, 2,3 mercury was measured at the inlet and outlet of commercial catalysts where a simulated flue gas containing varying levels of HCl was passed through the catalyst for ten minutes. At high concentrations (~20 to 75 ppm) of HCl, the outlet mercury concentration was almost equal to the inlet mercury. At low concentrations (~0.2 to 2 ppm) of HCl, however, the catalyst initially adsorbed 80 to 90 percent of the incoming mercury. The presence of HCl therefore reduced the amount of mercury adsorbed on the catalyst. Transient experiments in the same laboratory showed that a step increase in the HCl concentration caused an increase in mercury exiting the catalyst in concentrations above the inlet level of mercury.
Laboratory experiments by Lee and co-workers 1 demonstrated that when HCl and Hg 0 (in a simulated flue gas mixture) entered the SCR reactor, oxidized mercury exited the reactor. When there was no HCl in the same simulated flue gas, very little oxidized mercury was formed at the outlet, suggesting that HCl reacted with the adsorbed mercury, prompting it to desorb. Steady-state experiments by Hocquel et al. 2 showed the effect of HCl concentration in simulated flue gas on the amount of HgCl 2 exiting a laboratory SCR reactor, with and without SO 2 present. HCl concentration had a major impact on the amount of HgCl 2 exiting the catalyst. Several different types of catalysts were tested; the type of catalyst affected the oxidation of Hg 0 via HCl. This may be due to differences in pore structure among different catalysts as well as the concentrations of different metal oxides (V, W, Mo) in the catalyst. SO 2 had a minor impact on mercury oxidation in these experiments.
Other experiments in the same laboratory 3 using three layers of commercial monolith catalyst, in which mercury oxidation was measured in between layers, show the effect of temperature, HCl and ammonia on mercury oxidation. Figure 1 shows the amount of Hg 0 oxidation across all three layers of the catalyst as a function of temperature for two different flue gas compositions, one containing 10 ppm HCl and the other 62 ppm HCl. The simulated flue gas also contained 2.8% O 2 , 3% H 2 O, 524 to 544 ppm SO 2 , 395 to 430 ppm NO x , 38-53 ppm CO, 15 to 24 µg/Nm 3 mercury and ammonia. The molar ratio of ammonia to NO was 1 and the space velocity was 4800 to 5600 hr -1 . Mercury oxidation increased when the inlet HCl concentration was increased. The figure shows the effect of HCl concentration and temperature: mercury oxidation increased at lower temperatures and this effect was more pronounced at lower HCl concentration.
In the SCR reactor, NO is reduced along the length of the reactor and ammonia is consumed. Thus the first layer of the catalyst would have a higher concentration of ammonia than the second layer. Figure 2 shows the incremental mercury oxidation across each layer in this laboratory experiment. The first layer (with the highest ammonia concentration) showed the lowest mercury oxidation. The second and third layers, showed higher oxidation. The presence of ammonia appears to affect the oxidation of mercury across the catalyst. Since it is known that ammonia adsorbs on metal oxide sites on the catalyst, this suggests that mercury (elemental or perhaps HgO) may be bound to one of the same active sites that bind ammonia (probably vanadium oxide but other metal oxides may be involved as well). There are not enough laboratory experiments on the effect of SO 2 or SO 3 on mercury oxidation by SCR catalysts. The effects of HCl and ammonia seem clear enough and can also be seen in the results of pilot and full-scale measurements.
The effect of temperature and ammonia can be observed in laboratory measurements 4 using simulated flue gases (Table 1) with commercial Ti/V-based SCR catalyst; extruded honeycomb catalyst with a 10-mm cell pitch. The simulated Powder River Basin (PRB) subbituminous flue gas had lower HCl and SO 2 than the simulated bituminous flue gas. Figure 3 shows the measured mercury oxidation for an extruded monolith catalyst with the two different simulated flue gas compositions. The simulated bituminous flue gas produced higher mercury oxidation, as might be suspected from the higher HCl-content. Mercury oxidation increased as temperature decreased; the highest oxidation was at 315 o C (600 o F). Without ammonia in the simulated flue gas mixture, the mercury oxidation increased for both the simulated bituminous and PRB flue gas compositions. 
Combustion-Derived Flue Gas Experimental Data
Simulated flue gas does not always produce mercury oxidation behavior that is consistent with that observed in flue gases derived from full-scale power plants. Measurements of mercury speciation have been made across small-scale reactors using flue gas from full-scale power plants instead of simulated flue gas. [4] [5] [6] [7] The earliest investigation on a pilot-scale coal combustor equipped with an SCR reactor, 5 showed significant changes in mercury speciation at the inlet to the ESP when burning eastern bituminous coals, but little change in mercury speciation across the SCR when a PRB coal was burned.
There are differences in the levels of mercury oxidation at a given space velocity between simulated and actual flue gas; furthermore the dependence of oxidation on space velocity is different between simulated and actual flue gas. Figure 4 compares the observed mercury oxidation across the extruded catalyst with the simulated PRB flue gas (Table 1 ) and a power plant that burns a PRB coal. 4 The differences between the two sets of experimental results might be due to components in the actual flue gas (ash, SO 3 , other halogens) that may interfere with mercury adsorption or oxidation at higher space velocities (shorter residence times) perhaps because of competition for active sites.
In this program, mercury speciation was measured across five commercial SCR catalysts and a blank monolith in parallel. The multicatalyst reactor was deployed at AEP's Rockport plant, which burned a blend of 87 % subbituminous PRB coal and 13 % bituminous coal. The chlorine content of the blend was 100 to 240 µg/g on a dry basis. Mercury measurements were carried out when the catalysts were relatively new, corresponding to about 300 hours of operation. In general, the commercial catalysts all appeared capable of achieving about 90% NO x reduction at a space velocity of 3,000 hr -1 , which is typical of full-scale installations. For the fresh commercial catalysts, oxidation of mercury was in the range of 25 % to 65 % at typical full-scale space velocities.
A blank monolith showed no oxidation of mercury under any conditions. All catalysts showed higher mercury oxidation without ammonia, consistent with other measurements.
In Figure 5 , the observed mercury oxidation from the multicatalyst slipstream reactor is compared with data from a small-scale reactor, in which the same type of catalyst (the extruded honeycomb) was tested at three different full-scale power plants. 7 The multicatalyst reactor data fall between the Eastern bituminous and PRB cyclone curves for the singlecatalyst reactor and generally follow the same trend of mercury oxidation with space velocity.
Data from small-scale reactors obtained with both simulated flue gas and actual coal combustion flue gas highlight the importance of temperature, ammonia, space velocity and chlorine on mercury oxidation across SCR catalyst. Laboratory-scale data suggests that HCl is an important factor in promoting mercury oxidation across SCR catalysts and that SO 2 is not important. In light of these factors, full-scale data will be examined to determine if these parameters have a significant impact in full-scale systems.
Full-Scale Data
The full-scale data show an effect of ammonia on mercury oxidation, as have the laboratory and pilot-scale work discussed previously. Figure 6 shows three of the plants in which mercury speciation measurements were made with and without ammonia. The amount of oxidation of elemental mercury decreased when ammonia was added to the flue gas upstream of the catalyst. Operating power plants are unlikely to operate SCRs without ammonia; if high levels of NOx reduction are not needed-in ozone season, for example-the catalyst is typically bypassed. The value of the measurements without ammonia is in advancing the understanding of the behavior of mercury in SCR catalysts. The same mechanisms appear to be at work in the full-scale SCR reactor as in laboratory and slipstream reactors, which helps to provide confidence in the use of laboratory and pilot-scale data. In laboratory experiments, the effect of HCl concentration on mercury oxidation was observed to be very pronounced; this was supported indirectly by pilot-scale data using flue gas from fullscale power plants. Figure 7 displays the mercury oxidation from full-scale SCRs as a function of coal chlorine content. Mercury oxidation was calculated as the percent change in elemental mercury in the flue gas between the inlet and outlet of the SCR. The full-scale data have been divided into low-sulfur (< 1 wt% S in the coal) and high-sulfur (> 1 wt% S in the coal). The figure suggests that there may be a relationship between coal chlorine content and mercury oxidation across SCR catalysts. However, there is considerable scatter in the data. Sulfur content of the coal does not appear to have an influence on mercury oxidation.
In searching for a way to understand the full-scale data and the dependence of mercury oxidation on process parameters, we should take note of the role that catalysts play in chemical reactions: catalysts push a chemical reaction toward equilibrium. The effect of HCl on mercury oxidation across SCR catalysts is clear in laboratory-scale experiments. Therefore, it would be prudent to examine the equilibrium distribution of mercury species in the gas-phase at SCR reactor temperatures. Thermodynamic equilibrium calculations were carried out using the HSC package 11 for the overall compositions given in Table A-1. A typical result for flue gas from the subbituminous coal is shown in Figure 8 . Figure 9 , which shows the calculated fraction of elemental mercury at a fixed temperature as a function of the equivalent coal chlorine content (for combustion conditions corresponding to Table 2 ). The figure also illustrates the similarity between speciation with a bituminous coal flue gas composition and a subbituminous coal flue gas composition. Thus, temperature and chlorine content have the greatest impact on mercury speciation in flue gas under equilibrium conditions. Table 2 for bulk composition).
At the inlet to an SCR reactor, mercury species are not in equilibrium because of the high cooling rates experienced by the flue gas upstream of the SCR reactor. This can be seen clearly in Figure 10 , which plots the fraction of elemental mercury at the inlet to full-scale SCR reactors as a function of the coal chlorine content. For comparison, the predicted equilibrium compositions for the bituminous coal (Table A-1) at different temperatures are shown. In general, mercury does not appear to be in equilibrium at the inlet to SCR reactors. Table 2 for bulk composition).
Mercury speciation at the outlet to SCR reactors, in contrast, comes very close to equilibrium, as shown in Figure 11 . Again, the equilibrium predictions are compared with measured values of speciation. Good agreement is shown between the predicted and measured mercury speciation for the data points corresponding to temperatures in the range of (730  to 750 o F) shows a higher fraction of Hg 0 at the reactor outlet, as would be expected. Considering the scatter in the mercury speciation at the inlet to the reactor (Figure 10) , it is no wonder that the predicted oxidation of elemental mercury is so scattered. However, the prediction of outlet speciation appears to be possible with some accuracy.
Pilot and laboratory-scale data have demonstrated an effect of ammonia on mercury oxidation across SCR catalysts. Unfortunately, there are only limited full-scale data on mercury speciation and oxidation without ammonia present. Figure 12 shows speciation data from three of the six full-scale plants with and without ammonia present. Again, the specific ammonia-to-NO ratio was not given in the descriptions of the full-scale plants, but this ratio is typically on the order of 0.9 in commercial installations. The amount of Hg 0 at equilibrium (given the temperature and chlorine content of the coal) is shown in the figure as a horizontal line on each bar. Generally the mercury speciation at the outlet of the reactor is closer to the equilibrium state without ammonia. More full-scale data with and without ammonia are needed to reach a conclusion about the effect of ammonia in full-scale SCRs. Based on pilot-scale slipstream data, an effect of ammonia is expected. 
Conclusions
A review of the available data on mercury oxidation across SCR catalysts from small, laboratory-scale experiments, pilot-scale slipstream reactors and full-scale power plants was carried out. SCR catalysts are, under certain circumstances, capable of driving mercury speciation toward the gas-phase equilibrium values at the SCR temperature. Measured mercury speciation at the outlet to full-scale SCR installations was shown to correlate well with the calculated equilibrium value, based on the SCR temperature and coal composition. Thus, the primary variables responsible for the formation of oxidized mercury at the outlet of the SCR were determined to be chlorine content of the coal and temperature. However, evidence suggests that mercury does not always reach equilibrium at the outlet of SCR catalysts. Some of the other factors that have been shown to affect mercury chemistry across SCR catalysts are the space velocity and the presence of ammonia. There may be other factors, such as the sulfur content of the coal, that become apparent as more data become available. Catalyst properties may be important, including: the mix between vanadium oxides and other oxides in the catalyst; the pore size distribution; and catalyst deactivation with time.
The results of this analysis of the available data on mercury speciation across SCR catalysts suggest strategies for maximizing the amount of oxidized mercury at the exit of SCR catalysts. The chief of these is to increase the chlorine content of the flue gas, either through blending lowchlorine coal with high-chlorine coal or additives. Lowering the temperature is another option, but this may not be practical in many utility boilers. Furthermore, NO reduction across SCR catalysts decreases with temperature.
Plans for Next Quarter
• The preliminary mercury mechanism will be implemented in REI's one-dimensional SCR model. 
